Evidence from oxygen isotope study of the Allende chondrules (abstract) 
A C C E P T E D M A N U S C R I P T
O-rich solid in a 16 O-poor gas is followed by slow crystallization in that gas. For the typical (not associated with chondrule materials) Type C CAIs as well for as the Types A and B CAIs, the exchange that produced internal isotopic heterogeneity within each CAI must have occurred largely in the solid state. The secondary phases grossular, monticellite, and forsterite commonly have similar oxygen isotopic compositions to the melilite and anorthite they replace, but in one case (CAI 160) grossular is 16 O-enriched ( 17 O = -10‰ to -6‰) relative to melilite ( 17 O = -5‰ to -3‰), meaning that the melilite and anorthite must have exchanged its oxygen subsequent to secondary alteration. This isotopic exchange in melilite and anorthite likely occurred on the CV parent asteroid, possibly during fluid-assisted thermal metamorphism.

INTRODUCTION
Oxygen isotope compositions of primitive Solar System materials preserve a detailed record of diverse nebular and asteroidal processes. The earliest high temperature events are best revealed in calcium-aluminum-rich inclusions (CAIs) in chondritic meteorites. CAIs in the least equilibrated primitive chondrites (e.g., CR2, CO3.0 and the ungrouped carbonaceous chondrite Acfer 094) generally have uniformly 16 O-rich ( 17 O < −20‰) compositions (Aléon et al., 2002; Itoh et al., 2004; Fagan et al., 2007a) coupled with large excesses of 26 Mg ( 26 Mg*) from the decay of extinct 26 Al (t 1/2 = 0.73 Myr), which together indicate early CAI formation in an 16 O-rich gaseous reservoir (e.g., MacPherson et al., 1995; . In contrast, the CAIs from more "processed" chondrites (e.g., CV3) preserve a more complex and prolonged history.
Although CV3 CAIs also formed very early (Amelin et al., 2002; Thrane et al., 2006) , most of them experienced later partial isotopic exchange in the presence of an 16 O-poor reservoir (Clayton et al., 1977) . This exchange resulted in large oxygen isotopic heterogeneity within et al., 1977; McKeegan et al., 1998; Aléon et al., 2005a,b) . Only rare patches within some melilite and anorthite grains in Allende CAIs do retain 16 O-rich compositions (e.g., Yurimoto et al., 1998; Yoshitake et al., 2002; Harazono and Yurimoto, 2003; Kim et al., 2002; Ito et al., 2004; Fagan et al., 2004; Aléon et al., 2005b) , testifying to their original 16 O-rich composition.
Several mechanisms have been proposed to explain the nature of the selective isotopic exchange in melilite and anorthite, but all have some problems. (i) High-temperature gas-solid exchange in the solar nebula (Clayton et al., 1977) is inconsistent with the measured oxygen selfdiffusion rates in melilite, anorthite, diopside and spinel (Yurimoto et al., 1989; Ryerson and McKeegan, 1994 (Stolper, 1982; Stolper and Paque, 1986) . (iii) Isotopic exchange during disequilibrium melting (Yurimoto et al., 1998; Greenwood, 2004 ) has yet to be reproduced experimentally. (iv) Isotopic exchange during relatively low-temperature alteration in the presence of fluid phase on the CV parent asteroid or in the solar nebula has been advocated by several researchers (e.g., Krot et al., 1998; Jabeen et al., 1998a Jabeen et al., ,b, 1999 Ash et al., 1999; Young et al., 1999; Ash and Young, 2000; Nagashima et al., 2007) . The lack of experimental O-depleted environment (Krot et al., 2005a) .
The petrogenetic reason(s) underlying the isotopic differences between chondrules and CAIs is not well understood, and resolving this problem is very important for understanding early Solar System evolution. One way to approach the problem is to study objects that have transitional properties between chondrules and CAIs. Al-rich chondrules are one such kind of intermediate object, and these have received much attention over the past 10 years (e.g., Russell et al., 1996 Russell et al., , 2000 Huss et al., 2001; MacPherson and Huss, 2005; Tronche et al., 2007) . Another group of "intermediate" objects are the Type C CAIs, which are rare relative to other CAI varieties and which have been little studied (Wark, 1987) . Their bulk compositions are close to those of many Al-rich chondrules and, like the latter, deviate significantly from the predictions of equilibrium condensation of a hot solar gas (Beckett and Grossman, 1988; Yoneda and Grossman, 1995; see discussion by MacPherson and Huss, 2005) .
This study is part of our on-going program to document the properties of this important group of objects, from different chondrite groups. We previously showed that Type C CAIs from Allende experienced complex formation histories, involving multiple episodes of nebular melting and post-crystallization alteration (Krot et al., 2005b (Krot et al., , 2007a . Particularly noteworthy was the finding that some of the Type C CAIs were remelted in a location where ferromagnesian dust was abundant, possibly during the chondrule melting process (Krot et al., 2005b (Krot et al., , 2007a . In order to better understand the setting and conditions of nebular melting of the Type C CAIs, as well as later (asteroidal?) alteration, we report here the oxygen isotopic compositions of seven Allende Type C CAIs, named #160, #100, #6-1-72, CG5, #93, ABC and TS26F1. Prior to this study, only one other Type C CAI (also from Allende) had been analyzed for oxygen isotopes (Imai and Yurimoto, 2000) .
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ANALYTICAL TECHNIQUES
Polished thin and thick sections of all CAIs were studied using optical microscopy, X-ray elemental mapping, backscattered electron (BSE) imaging, electron probe microanalysis (EPMA), and secondary ion mass-spectrometry (SIMS). The BSE images were obtained with a JEOL JSM-5900LV scanning electron microscope. This instrument is equipped with a Thermo
Electron energy dispersive spectrometer (EDS), which was operated at 15-20 kV accelerating voltage and 1-2 nA beam current. Element X-ray area maps having a spatial resolution of 1-10 µm/pixel were acquired using five spectrometers of a Cameca SX-50 microprobe, operated at 15 keV accelerating voltage, 50-100 nA beam current, and ~1-2 µm beam size. The element maps for Mg, Ca and Al (all K ) were combined using a RGB-color scheme and the commercial software package ENVI (ENvironment for Visualizing Images). Quantitative mineral analyses were also acquired using the Cameca SX-50, via wavelength dispersive X-ray spectroscopy with operating conditions of 15 keV accelerating voltage, 10-20 nA beam current, and ~1-2 µm beam size. For each element, counting times on both peak and background were 30 sec (10 sec for Na and K). Bulk compositions of chondrules were measured using a defocused ~10 µm beam.
Matrix effects were corrected using the PAP procedure (Pouchou and Pichoir, 1984 Oxygen isotopic compositions were measured in situ using the Cameca ims-1270 ion microprobes at CRPG-CNRS (Nancy) and Hokkaido University (HU), and the Cameca ims-1280 ion microprobe at the University of Hawai'i (UH).
In Nancy, oxygen isotopic data were collected in multicollection mode. 16 Following oxygen isotopic measurements, each CAI analyzed was re-examined in BSE and
secondary electron images to verify the locations of the sputtered craters and mineralogy of the phases analyzed.
SAMPLE DESCRIPTION
Detailed mineralogical and petrographic descriptions of all the CAIs studied herein are given in Wark (1987) and Krot et al. (2007a,b) . Here, we briefly summarize the major mineralogical characteristics of these CAIs important for understanding their oxygen isotopic compositions. Additional X-ray elemental maps illustrating the overall mineralogy of the CAIs are included in an electronic annex (EA).
Based on mineralogy and petrography, Krot et al. (2007a,b) divided Allende Type C CAIs into three groups:
(1) CAIs with melilite, Al,Ti-diopside in both massive and highly poikilitic (enclosing anorthite; the "lacy" texture of Wark (1987) forms, both in a fine-grained anorthite groundmass (#6-1-72, #100, #160), (2) CAI CG5 with massive melilite, Al,Ti-diopside and anorthite, and exceedingly abundant finegrained spinel, (3) CAIs associated with chondrule material -either containing chondrule fragments in their peripheries (ABC, TS26F1) or surrounded by chondrule-like, igneous rims (#93).
CAI #160 is a fragment, partly surrounded by a Wark-Lovering rim sequence of spinel, Al,Tidiopside and olivine (Figs. 1, 1EA ). The interior consists of Al,Ti-diopside, melilite, and spinel in an anorthite matrix. The pyroxene occurs as spongy crystals that poikilitically enclose myriad tiny anorthite grains, less commonly as massive grains poikilitically enclosing euhedral spinel, and as interstitial grains between polycrystalline melilite. Melilite occurs as spongy grains poikilitically enclosing tiny anorthite grains and as compact, polycrystalline regions. The spongy melilite grains are pseudomorphed to varying degrees by grossular, monticellite and forsterite. Melilite and anorthite in the outer portion of the CAI are extensively replaced by nepheline and sodalite.
CAI #100 (Figs. 2, 2EA) consists of four fragments (hereafter "100a", "100b", "100c" and "100d"), each composed of melilite, Al,Ti-diopside, spinel, and fine-grained anorthite groundmass. The petrographic context of the fragments is unknown; none of them have Wark-Lovering rim layers or matrix material attached. There are, however, significant variations in the morphology of Al,Ti-diopside and melilite grains among the fragments, possibly reflecting their different position within the CAI. Al,Tidiopside occurs as coarse (100-200 m in size) euhedral but highly spongy (poikilitic) grains, and also as small (20-30 m in size) nearly inclusion-free isolated crystals or aggregates. Most melilite grains have spongy, poikilitic textures. Anorthite-free, massive melilite regions are rare and are overgrown by poikilitic melilite and pyroxene; the melilite is pseudomorphically-replaced to varying degrees by grossular, monticellite and forsterite.
CAI #6-1-72 is a complete, elliptical CAI surrounded by a Wark-Lovering rim sequence of spinel, Al,Ti-diopside, and olivine (Figs. 3, 3EA ). The CAI consists of two texturally distinct regions. The main portion is mineralogically similar to CAIs #100 and #160. It is composed of fine-grained groundmass anorthite and coarse-grained, poikilitic Al,Ti-diopside and melilite; spinel is relatively minor and heterogeneously distributed in the CAI. Spongy melilite is partially pseudomorphed by grossular, monticellite and forsterite. The center of this part of the CAI is free of nepheline and sodalite, in contrast to the periphery where they are common and replace anorthite and (?) melilite. The core is heavily fractured; some of the fractures are filled by andradite and wollastonite. The second portion of 6-1-72 consists of compact, polycrystalline melilite, Al,Ti-diopside, isolated spinel grains and a spinel palisade. This portion is texturally and mineralogically similar to Type B CAIs from CV chondrites (e.g., MacPherson et al., 1988) . Melilite and pyroxene contain abundant inclusions of spinel, perovskite and platinum group element nuggets; neither melilite nor pyroxene have the poikilitic texture that is so prominent in the other part of the inclusion. Melilite is partially replaced along grain boundaries by grossular, monticellite, and forsterite. Coarse-grained melilite and the palisade body in outer part of the
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-8-second portion are overgrown by lacy Al,Ti-diopside. CG5 exists now only as a fragment in a grain mount, and its original size and shape are unknown. Most of the inclusion was consumed during detailed trace element studies of Allende CAIs (e.g., Grossman and Ganapathy, 1975) . This inclusion is composed of lath-shaped anorthite, Al,Ti-diopside and melilite, all poikilitically enclosing dense clouds of tiny spinel grains (Figs. 4, 4EA) . Secondary minerals are absent; it is unknown if the CAI originally had a Wark-Lovering rim. Melilite and Al,Ti-diopside occur in interstitial regions between prismatic anorthite crystals and also form large, massive grains in anorthite-poor regions of the CAI.
CAI #93 (Fig. 5 ) is a fragment of what was originally a rounded CAI that was likely several mm or more in maximum size. The inclusion is composed of coarse-grained, Al,Ti-diopside that ophitically encloses, lath-shaped anorthite; euhedral Crbearing spinel occurs primarily in the outer portions of the CAI. Interstitial, fine-grained regions are composed of melilite, Al-diopside and anorthite. In the core, coarse-grained anorthite is largely replaced by nepheline and sodalite; in the periphery, the anorthite is replaced by sodalite, ferrous olivine and nepheline. The melilite is replaced by a fine-grained, porous material largely composed of grossular, monticellite and wollastonite; minor secondary nepheline and sodalite occur as well. The peripheral zone of the CAI is overgrown by a coarse-grained igneous region composed of augite, pigeonite and anorthitic plagioclase. Plagioclase is extensively replaced by sodalite and ferrous olivine. The coarse-grained, igneous region is separated from the CAI by a spinel-rich layer, possibly a remnant of a Wark-Lovering rim.
ABC is an angular CAI fragment enclosed within meteorite matrix. It is composed of lath-shaped anorthite and Al,Ti-diopside, both poikilitically enclosing spinel grains, and fine-grained, interstitial material (Fig. 6 ). Anorthite is corroded by sodalite and nepheline. The interstitial material consists of melilite, Al-diopside, grossular, wollastonite and monticellite. Relict olivine and low-Ca pyroxene grains occur in the peripheral portion of the fragment.
TS26F1 is a complete, dog-leg-shaped CAI that shows a well-defined core-mantle structure (Figs. 7, 5EA). The coarse-grained core consists of lath-shaped anorthite and euhedral, sector-zoned Al,Tidiopside, both poikilitically enclosing spinel grains, and interstitial material. The interstitial material is composed of melilite, diopside and secondary grossular, monticellite, wollastonite, sodalite and ferrous olivine; the secondary minerals replace melilite and anorthite. The mantle is finer-grained and enriched in SiO 2 compared to the core. It is separated from the core by a discontinuous layer of Fe,Ni-sulfides and composed of Al,Ti-diopside, lath-shaped anorthite and abundant relict grains of forsteritic olivine and low-Ca pyroxene. The olivine and low-Ca pyroxene grains are extensively corroded by diopside and surrounded by haloes of augite; augite is also present in the outermost portion of the mantle.
OXYGEN ISOTOPIC COMPOSITIONS
Type C CAIs with spongy (poikilitic) melilite and Al,Ti-diopside
In CAI 160 ( Fig. 1) , oxygen isotopes were measured in both spongy and massive textural types of melilite and Al,Ti-diopside, as well as spinel, anorthite groundmass and a fine-grained mixture of grossular+monticellite replacing spongy melilite ( In CAI 100 (Fig. 2) , oxygen isotopes were measured in both spongy and massive melilite, three textural occurrences of Al,Ti-diopside (spongy, small euhedral grains, and a compact aggregate of grains), spinel, anorthite groundmass, and fine-grained secondary forsterite + monticellite + grossular using both the CNRS/CRPG and HU ion microprobes (Table 1 , Fig. 9 ). (Fig. 3c) where anorthite is Figs. 12a,b) .
In CAI TS26F1 ( Aléon et al., 2002; Itoh et al., 2004; Fagan et al., 2007a) .
What sets at least some of the Allende Type C CAIs apart from their Types A and B counterparts is that the internal oxygen isotopic heterogeneity is not due exclusively to gas-solid exchange with an external reservoir but, in addition, assimilation of bulk ferromagnesian dust during melting or remelting, possibly in the chondrule-forming region (Krot et al., 2007a,b) . This is most clearly evident in TS26F1, where the degree of melting and mixing with chondrule material appears to decrease inward, towards the CAI core, as indicated by the differences in
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-12-chemical compositions of the core and mantle pyroxenes (Fig. 3 in Krot et al., 2007a) and by a distinct boundary between the finer-grained mantle and the coarser-grained core clearly visible in transmitted light (Fig. 5EA ) and the Si K X-ray map (Fig. 7b in Krot et al., 2007a Figs. 13c,d ). These observations imply that spinel in the CAI core is largely relict (i.e., escaped melting during formation of the igneous mantle), whereas Al,Ti-diopside experienced variable degrees of melting and isotopic exchange during the event that produced the mantle or prior to it. In contrast to TS26F1, the CAIs ABC and 93 experienced higher degrees of remelting. This conclusion is based on the oscillatory zoning of Al,Ti-diopside crystals in ABC and 93 (Fig. 11 in Krot et al., 2007a) , and the enrichment in Cr 2 O 3 and depletion in TiO 2 and Al 2 O 3 relative to pyroxenes in typical Type B and Type C CAIs (Fig. 3 in Krot et al., 2007a) .
Coarse-grained, lath-shaped anorthite in 93 (Fig. 5) , ABC (Fig. 6 ) and TS26F1 (Fig. 7) is One of the more enduring unsolved problems regarding CV3 CAIs is the origin of the internal oxygen isotopic heterogeneities within individual CAIs. The consistent pattern of spinel being more 16 O-rich than pyroxene, which in turn is far more 16 O-rich than either melilite or anorthite, was originally interpreted (Clayton et al., 1977) as being due to post-solidification exchange between the solid CAI phases and an external reservoir (gas or liquid). The key assumption in that interpretation was that oxygen diffusion in spinel is much slower than in pyroxene, and slower in pyroxene than in melilite or anorthite. However, the validity of that Type C CAIs provide a natural laboratory for testing the partial melting model, because the igneous crystallization sequence of a Type C CAI (see Tronche et al., 2007 ) is very different from the above: spinel, anorthite, and melilite + pyroxene (whose relative order in this case is a function of bulk composition). The Type C oxygen isotope data presented in this paper in fact refute the partial melting model altogether. Anorthite, which precedes pyroxene in the crystallization sequence, is consistently 16 O-poor relative to the pyroxene. The relative isotopic compositions of the phases in the Type Cs is essentially the same as in the Type Bs despite the large differences in igneous crystallization sequences, and we conclude that the partial melting model / fractional crystallization advocated by Ryerson and McKeegan (1994) cannot explain the isotopic heterogeneity within individual Type B or Type C CAIs.
Postcrystallization oxygen isotopic exchange in the Allende Type C CAIs: When and
Where?
ACCEPTED MANUSCRIPT Thermodynamic analysis suggests that, under equilibrium conditions for melilite of Åk (covering nearly the entire range of melilite compositions in CAI 160), these reactions occur at T<750°C (Hutcheon and Newton, 1981; Krot et al., 2007b) . However, the common presence of unaltered melilite-anorthite intergrowths in the Allende Type C CAIs 100, 160 and 6-1-72 indicates lack of equilibrium. As a result, the above reactions can only be used to constrain an upper temperature limit for the replacement (note also that the above reactions may not apply at all to vein occurrences of the same phases, where an open system likely prevailed). Finally, grossular itself is not stable above 750°C; this is much lower than the crystallization temperature of melilite from melts of CAI composition (e.g., Stolper, 1982; Mendybaev et al., 2006) , so melting as a mechanism for oxygen isotopic exchange in melilite after formation of grossular can be excluded. Gas-solid exchange is required.
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The setting for this exchange is highly debated, and both nebular (e.g., Hutcheon and Newton, 1981; Kimura and Ikeda, 1998; MacPherson, 2003; Fagan et al., 2005 Fagan et al., , 2006 Fagan et al., , 2007b Ushikubo et al., 2006) and asteroidal (Krot et al., 2007b) heating have been proposed to explain formation of grossular in CV chondrites. Both models have problems.
One argument commonly made in favor of an asteroidal setting for the exchange is the general absence of resolved excess 26 Mg in secondary phases such as grossular and nepheline,
-15-implying that these phases formed at least 2-3 my (several half-lives of 26 Al) after formation of the primary CAI phases (e.g., Krot et al., 1998 (Hutcheon and Newton, 1981; Fagan et al., 2005 Fagan et al., , 2006 Fagan et al., , 2007b Ushikubo et al., 2006 Bonal et al., 2006) are consistent with asteroidal formation of grossular. Finally, given the argument made above that melilite in at least some inclusions (e.g., CAI 160) continued to exchange its oxygen isotopes after formation of the secondary minerals that replace it (grossular, monticellite, forsterite), then we must conclude that the isotopic exchange of the melilite itself (and anorthite?) occurred in an asteroidal setting.
Oxygen isotopic exchange during anhydrous thermal metamorphism is expected to be sluggish (Ryerson and McKeegan, 1994) , so it is reasonable to think that oxygen isotopic re-
-16-equilibration in Allende CAIs occurred during fluid-assisted metamorphism (e.g., Ash et al., 1999; Young et al., 1999; Jabeen et al., 1998a Jabeen et al., , 1998b Jabeen et al., , 1999 Ash and Young, 2000; Krot et al., 1998 Krot et al., , 2006 . The composition of this fluid can be inferred from secondary minerals directly precipitated from aqueous/hydrothermal solutions (fayalite, hedenbergite, andradite) and magnetite that formed by oxidation of Fe,Ni-metal ( Fig. 14 (Nagashima et al., 2007) . Experimental studies of oxygen isotopic exchange between water vapor and melilite are needed to test this hypothesis. 2. At least three Type C CAIs (ABC, TS26F1 and 93) experienced partial remelting in a 16 Opoor gas at the time and place where chondrules were actively forming, trapping and partially assimilating chondrule material within them and also partially exchanging oxygen isotopes of the CAI melts with a surrounding nebular gas.
3. Pyroxene in all Type C CAIs is consistently 16 O-rich relative to anorthite, yet in the igneous crystallization sequence for these objects the feldspar always precedes the pyroxene.
This fact disproves models for the internal isotopic heterogeneity within individual CAIs in which originally 16 O-rich CAIs were partially remelted in a 16 O-poor gas, and exchanged isotopes with that gas to a degree that reflected the order of the crystallizing phases. That original model (Ryerson and McKeegan, 1994) was based on Type B CAIs in which pyroxene precedes anorthite in the igneous crystallization sequence, and it clearly does not work for the Type Cs.
4. Grossular-monticellite intergrowths in one CAI (160) 
-24- Fig. 1 . Backscattered electron (BSE) images of a Type C CAI 160. Ion probe spots are numbered; numbers correspond to those listed in Table 1 . an = anorthite; di = Al,Ti-diopside; fo = fosterite; grs = grossular; mel = melilite; mnl = monticellite; sp = spinel. Fig. 2 . BSE images of a Type C CAI 100. Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . Small and large ellipses correspond to ion probe spots analyzed by the Hokudai and CNRS/CRPG ion microprobes, respectivey. an = anorthite; di = Al,Ti-diopside; fo = forsterite; grs = grossular; mel = melilite; mnl = monticellite; sp = spinel. Fig. 3 . BSE of the Type C (a-c) and Type B-like (d-f) portions of a CAI 6-1-72. Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . Ellipsoid spots are from the CNRS/CRPG ims-1270; square regions are from the UH ims-1280. an = anorthite; di = Al,Ti-diopside; fo = forsterite; grs = grossular; mel = melilite; mnl = monticellite; sp = spinel. Fig. 4 . BSE images of a Type C CAI CG5. Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . an = anorthite; di = Al,Ti-diopside; mel = melilite; sp = spinel. Regions outlined and labeled in "a" are shown in detail in "c", "d", and "f". Region outlined in "d" is shown in detail in "e". Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . an = anorthite; aug = augite; di = Al,Ti-diopside, fa = ferrous olivine; grs = grossular; mel = melilite; mnl = monticelllite; pg = pigeonite; sod = sodalite. Table 1 . an = anorthite; aug = augite; Cr-sp = chromium spinel; di = Al,Ti-diopside, ol = olivine; grs = grossular; lpx = low-Ca pyroxene; mel = melilite; mes = mesostasis; mnl = monticellite; nph = nepheline; pl = anorthitic plagioclase; sf = sulfide; sod = sodalite; sp = spinel; wol = wollastonite. Fig. 7 . Combined elemental maps in Mg (red), Ca (green) and Al (blue) Kα X-rays, (b) combined elemental maps in Mg (red), Ti (green) and Al (blue) Kα X-rays, and (c, d) BSE images of a Type C TS26. Regions outlined in and labeled "a" are shown in detail in "c" and "d". Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . an = anorthite; aug = augite; di = Al,Ti-diopside; ol = olivine; lpx = low-Ca pyroxene; mel = melilite; sod = sodalite; sp = spinel. O. an = anorthite; di = Al,Ti-diopside; mel = melilite; sp = spinel. Data were collected at CNRS/CRPG; size of symbols correspond to 2σ errors. Fig. 12 . Oxygen isotopic compositions of a Type C CAI #93 with a chondrule-like, igneous rim. In "a", data are plotted as δ 17 O vs. δ 18 O; in "b", the same data, grouped by minerals, are plotted as ∆ 17 O. an = anorthite; aug = augite; di = Al,Ti-diopside; mel = melilite; sec = secondary minerals; sp = spinel. Data were collected at CNRS/CRPG; error bars are 2σ. Fig. 13 . Oxygen isotopic compositions of Type C CAIs ABC (a, b) and TS26 (c, d) with chondrule fragments in their peripheries (from Krot et al., 2007b) . In "a" and "c", data are plotted as δ 17 O vs. δ 18 O; in "b" and "d", the same data, grouped by minerals, are plotted as ∆ 17 O. an = anorthite; aug = augite; Cr-sp = Cr-spinel; di = Al,Ti-diopside; lpx = low-Ca pyroxene; mel = melilite; ol = olivine; sp = spinel. Data were collected at Hokudai; error bars are 2σ. Choi et al., 2000; Hua et al., 2005 ; the latter are labeled by "*" in the legend to "b"). c, d -Oxygen isotopic compositions of secondary magnetite, Ca,Fe-pyroxenes (CaFe-px) and andradite (Andr) in various Allende components. Data for magnetite from Choi et al. (2000) ; data for Ca,Fe-pyroxenes, fayalitic olivine and andradite from Krot et al. (2000) and Cosarinsky et al. (2003) . Error bars are 2σ.
-26- 
-24- Table 1 . an = anorthite; di = Al,Ti-diopside; fo = fosterite; grs = grossular; mel = melilite; mnl = monticellite; sp = spinel.
-25- Fig. 2 . BSE images of a Type C CAI 100. Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . Small and large ellipses correspond to ion probe spots analyzed by the Hokudai and CNRS/CRPG ion microprobes, respectivey. an = anorthite; di = Al,Ti-diopside; fo = forsterite; grs = grossular; mel = melilite; mnl = monticellite; sp = spinel.
-26- Fig. 3 . BSE of the Type C (a-c) and Type B-like (d-f) portions of a CAI 6-1-72. Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . Ellipsoid spots are from the CNRS/CRPG ims-1270; square regions are from the UH ims-1280. an = anorthite; di = Al,Ti-diopside; fo = forsterite; grs = grossular; mel = melilite; mnl = monticellite; sp = spinel.
-27- Fig. 4 . BSE images of a Type C CAI CG5. Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . an = anorthite; di = Al,Ti-diopside; mel = melilite; sp = spinel.
-28- Regions outlined and labeled in "a" are shown in detail in "c", "d", and "f". Region outlined in "d" is shown in detail in "e". Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . an = anorthite; aug = augite; di = Al,Ti-diopside, fa = ferrous olivine; grs = grossular; mel = melilite; mnl = monticelllite; pg = pigeonite; sod = sodalite.
-29- Table 1 . an = anorthite; aug = augite; Cr-sp = chromium spinel; di = Al,Ti-diopside, ol = olivine; grs = grossular; lpx = low-Ca pyroxene; mel = melilite; mes = mesostasis; mnl = monticellite; nph = nepheline; pl = anorthitic plagioclase; sf = sulfide; sod = sodalite; sp = spinel; wol = wollastonite.
-30- Fig. 7 . Combined elemental maps in Mg (red), Ca (green) and Al (blue) Kα X-rays, (b) combined elemental maps in Mg (red), Ti (green) and Al (blue) Kα X-rays, and (c, d) BSE images of a Type C TS26. Regions outlined in and labeled "a" are shown in detail in "c" and "d". Ion probe spots are outlined and numbered; numbers correspond to those listed in Table 1 . an = anorthite; aug = augite; di = Al,Ti-diopside; ol = olivine; lpx = low-Ca pyroxene; mel = melilite; sod = sodalite; sp = spinel. M A N U S C R I P T -31- O. an = anorthite; aug = augite; Cr-sp = Cr-spinel; di = Al,Ti-diopside; lpx = low-Ca pyroxene; mel = melilite; ol = olivine; sp = spinel. Data were collected at Hokudai; error bars are 2σ.
-37- Choi et al., 2000; Hua et al., 2005 ; the latter are labeled by "*" in the legend to "b"). c, d -Oxygen isotopic compositions of secondary magnetite, Ca,Fe-pyroxenes (CaFe-px) and andradite (Andr) in various Allende components. Data for magnetite from Choi et al. (2000) ; data for Ca,Fe-pyroxenes, fayalitic olivine and andradite from Krot et al. (2000) and Cosarinsky et al. (2003) . Error bars are 2σ.
A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T 0.8 an = anorthite; aug = augite; Cr-sp = chromian spinel; di = Al,Ti-diopside; grs = grossular; lpx = low-Ca pyroxene; mel = melilite; mnl = monticellite; ol = olivine; sec = secondary minerals; sp = spinel. Minerals occupying <10 vol% of analyzed area are listed in brackets. Data for CAIs ABC , TS26 and 100^ were collected at Hokudai; data collected at UH are indicated by *; other data were collected at CNRS/CRPG.
